ABSTRACT A methodology for the assessment of the probable maximum loss associated with an earthquake is described and applied to the Cape Town central business district. The calculations are based on the effect of the two largest earthquakes that occurred in Milnerton in 1809 and Ceres-Tulbagh in 1969. The investigation concludes that if buildings and infrastructure in an area follow the SANS Standard 10160 for seismic loading of 0.1 g, they are exposed to significant seismic risk. The main purpose of this research is not the accurate quantification of expected losses to Cape Town's infrastructure, but to raise awareness between civil engineers, the insurance industry and disaster management agencies that seismic hazard is an issue in South Africa and must be considered as a potential threat to its residents and infrastructure.
INTRODUCTION
1.1 Seismic risk estimation involves the assessment of the adverse consequences that a society may be subjected to as a result of future earthquakes. This includes the estimation of the probability of the occurrence of observed consequences. Such estimation is of paramount importance to disaster management centres, and the insurance and reinsurance industry, especially concerning heavily populated areas that are subjected to natural or induced seismic activity. A tool is therefore needed to investigate the damage and losses that may be incurred as a result of an earthquake.
1.2
Comprehensive reviews of seismic risk and loss estimation methodologies developed and used in the United States of America (USA) up to the 1980s have been compiled by Reitherman (1985) and Whitman (1986) . Equivalent studies have been performed in the former Soviet Union and were applied in the assessment of earthquake losses for the largest cities of the world (Keilis-Borok, Kronrod & Molchan, 1984) . More recent reviews of work done in Russia can be found in Frolova, Larinov & Bonnin (2006) and Sobolev (1997) . The National Institute of Building Sciences (NIBS) under the Federal Emergency Management Agency (FEMA), both in the USA, conducted an excellent review of the state-of-the-art earthquake loss estimation methodologies, including the HAZUS methodology. The review 'Assessment of the State-of-the-Art Earthquake Loss Estimation Methodologies' (FEMA-249, 1994) , which covers all aspects of the problem of earthquake loss estimation, is probably the most comprehensive ever written on this subject.
1.3
The questions that are asked persistently by the South African public, media, disaster management centres and the insurance industry alike are whether or not Cape Town's citizens and infrastructure are at risk of a strong seismic event and, if so, how big the threat is? Deterministic seismic hazard (DSHA) and risk (DSRA) analyses are used to answer this question in an understandable manner. The occurrence of three possible but hypothetical seismic events in and near Cape Town are investigated. One disadvantage faced during this investigation was the lack of available data in South Africa needed for reliable quantification, making seismic hazard and risk assessment in the country exceedingly difficult. This paper therefore only provides a first approximation of South Africa's expected seismic hazard and risk.
1.4
The study concentrates only on deterministic seismic hazard and risk assessments, complementing the work by Davies & Kijko (2003) , where hazard and risk assessment are presented from the probabilistic point of view. Section 2 provides a description of the applied seismic risk estimation procedure; definitions and assumptions are provided in Section 3. A discussion on the appropriate ground motion variables to use and an assessment of the maximum regional earthquake magnitude are provided in Sections 4 and 5 respectively. Section 6 provides the application of the theory, as defined in the previous sections, to three plausible earthquake scenarios for Cape Town.
BACKGROUND
2.1 Current seismic risk estimation consists of two categories, namely deterministic and probabilistic (Kramer, 1996; Kijko, 2011) . These procedures are two sides of the same coin. Combined, the two methodologies provide a complete picture of the earthquake threat that neither of the individual procedures is capable of giving alone (Davies & Kijko, op. cit.; McGuire, 2004) .
2.2
Typical DSRA starts from a hypothetical, user-defined chosen earthquake, often known as the 'worst case scenario'. The selected earthquake is the largest possible areacharacteristic, maximum possible magnitude and is located at the minimum possible distance from the site for which seismic hazard is calculated. With the help of the appropriate attenuation relation, a respectable ground motion parameter is then computed for the site. Finally, the expected damage 1 arising from these ground motions is calculated. This approach is often used in the insurance industry and is useful when a clear strategy is required to manage potential catastrophic losses. The strongest point of the 'scenario earthquake' approach is that it provides a tool for the quantification of an extraordinary earthquake in both size and location and consequently an unusual set of damage and losses.
2.3
For the purpose of this study, deterministic risk analysis is referred to as the probable maximum loss (PML) procedure. The use of the term is incorrect and misleading since the applied methodology does not provide any assessment of probability associated with the calculated loss. Further clarification was sought from Lebek (unpublished) The Probable Maximum Loss is a term used in the insurance and reinsurance industry as well as in the Real Estate, for seismic risk assessment. Most seismic PML's are conducted by structural engineers and include on-site inspection and/or building plan review. In the area of Commercial Real Estate due diligence, seismic PML's are often performed according to the scope published by the American Society of Testing Materials Standard E (ASTM E2557-07). Although the definition is not consistent in the insurance industry, it is often generally defined as the anticipated value of the largest loss that could result from the destruction and the loss of use of property. The term PML is one of the most widely used terms in property insurance underwriting. But it represents one of the least clear concepts in all insurance. This fact is reflected by the result of a four-year study that involved collecting the personal and company definitions of PML from over a hundred underwriters and underwriting executives. No two of their definitions fully agree.
In this study the term 'PML' refers to the estimation of the largest loss that could result from the destruction and loss of use of property due to an earthquake.
2.4
Earthquake magnitudes in this paper are defined in terms of local, M L Richter scale (Lay & Wallace, 1995) . These magnitudes are measured in terms of Richter magnitude which measures how the size of the earthquake relates to the total strain of energy released at the hypocentre of the event. The hypocentre is defined as the point of origin of an earthquake within the earth, compared to the epicentre which is the point on the surface of the earth directly above the hypocentre (Lay & Wallace, op. cit.) . The increase of earthquake magnitude by one unit corresponds to the increase in energy released by an earthquake by approximately 30 times. The area-characteristic, maximum possible earthquake magnitude m max is defined as the upper limit of earthquake magnitude for a given region (EERI Committee, 1984) . This parameter is of paramount importance in the methodology for a single earthquake-based PML estimation and accurate knowledge of m max is therefore crucial. A small difference in the m max value will cause a significant under-or over-estimation of the resulting damage. Subsequently the best technique for assessment of this parameter is discussed in Section 4. The threshold of completeness (m min ) is the lower limit magnitude above which it is assumed that all the seismic events were recorded. This level may change over time. The strength of a seismic event at a given site is measured in terms of the Modified Mercalli Intensity (MMI) scale, a subjective scale based on resultant structural damage to buildings. The MMI felt at a specific location varies according to the distance from the hypocentre of the earthquake to the location (ABS Consulting, Property Risk Glossary).
2.5
Although this study focuses only on the deterministic side of seismic hazard analysis, a full probabilistic seismic hazard analysis can be achieved when, in addition to the damage distributions, probabilities can be assigned to the scenario earthquake as well as to all other possible scenario earthquakes. A probabilistic risk analysis evaluates the probability for all degrees of damage arising from seismic events, including the event considered in the PML procedure. However, the strict classification of seismic risk models into deterministic and probabilistic categories can be misleading. Often the deterministic risk models contain random variables or various probabilistic elements. Early techniques used in earthquake risk assessment employed such models, which included a significant number of statistical elements, in order to estimate the uncertainty of an expected loss from a credible maximum magnitude earthquake. These estimates are deterministic since they are based on an arbitrary set of 'scenario earthquakes' but they make use of statistical tools in providing a distribution for the expected damage as seen in the complementing work by Davies & Kijko (op. cit.) .
DEFINITIONS AND ASSUMPTIONS

3.1
The DSRA methodology involves the development of a particular seismic scenario, according to which expected damage is calculated. The scenario consists of the assumed occurrence of an earthquake of a specified size and location. A typical DSRA procedure consists of the following five steps: -Identification and characterisation of all earthquake sources capable of producing significant ground motion at the site.
-Selection of a shortest source-to-site distance. This distance may be expressed as an epicentral or hypocentral distance, depending on the type of the distance used in the attenuation relation of the ground motion. Conventionally, at least in the insurance industry, the effect of the ground motion at a given site is expressed in terms of the MMI scale which is a subjective scale based on resultant structural damage to buildings (Wood & Neumann, 1931 ). -Selection of the control earthquake expected to produce the strongest level of shaking. The control earthquake is described in terms of its size and distance from the site. Magnitude size is usually expressed as Richter earthquake magnitude or MMI at the epicentre. -Calculation of the expected ground motion at the site as generated by the control earthquake. -Calculation of the expected damage at the site that resulted from these ground motions.
3.2
The DSRA methodology provides a framework for evaluation of the worst-case scenario. However, it provides no information on the likelihood of the occurrence of such a scenario. As in the case of DSHA, DSRA involves subjective assumptions, particularly in regard to earthquake potential as described by the maximum possible earthquake magnitude m max (Reiter, 1990 ).
3.3
There are two common assumptions made in the modelling of earthquake occurrence. Firstly, the number of main seismic events in the time interval T follows a Poisson distribution with parameter λT, where λ is the frequency (annual mean activity rate) of earthquake occurrence. Secondly, the earthquake magnitudes follow the Gutenberg-Richter relation (Gutenberg & Richter, 1944) ,
where n is the number of earthquakes, m is the earthquake magnitude, a is a constant measuring the level of seismicity and b is a constant which characterises the ratio between small events and large ones. The Gutenberg-Richter relation is the logarithm-frequencymagnitude relation where the plot of the logarithm of the number of earthquakes against the magnitude is linear.
3.4
If the magnitudes of seismic events are assumed to be independent, identically distributed (iid) random variables, the frequency-magnitude Gutenberg-Richter relation (1) can be expressed (Page, 1968) 
where m is the sample mean magnitude. The value of β can be obtained only by recursive solutions. The approximate standard error (Aki, 1965) of β , denoted as ˆβ
such that n is number of earthquakes with magnitudes greater or equal to m min .
3.5
It is also assumed that n earthquakes with magnitudes larger or equal to m min that occurred in a specified time interval T are recorded. The time span T for the seismic event catalogue is measured in years. The earthquake magnitudes are assumed to be iid random variables with the PDF 
3.6
Traditionally in the insurance industry the strength of a seismic event at a given site is expressed in terms of MMI. Connection of the expected MMI at the site to the respective damage and loss distributions are provided by the damage probability matrices (DPM), (Whitman, Reed & Hong, 1973) . The extent of damage, ranging from none to total, is divided into damage states, each of which is described both by words and by a range of damage factors. The damage factor denotes the ratio of the value of the physical damage or 'Rand loss', attributable to the earthquake, to the replacement value (ATC-13, 1985) . For each MMI of ground shaking, the numbers in the corresponding column provide the distribution of the expected damage. Note that the values in each column sum to 100%. Damage probability matrices for the building classes discussed in this study are available in Appendix A.
3.7
The vulnerability curve, calculated per building class, is the average level of damage per level of intensity. From a statistical point of view, the curve is represented by the function
where [ ] 
is given in the form of Whitman's damage probability matrices DPM ij for seven damage states j ( j = 1,2,…,7) and nine intensity levels i (i = IV,…,XII ). In ATC-13 (op. cit.), the damage states are called the central damage factors, CDF j and are defined as: -no damage when CDF 1 = 0%; -slight damage when CDF 2 = 0,5%; -light damage when CDF 3 = 5%; -moderate damage when CDF 4 = 20%; -heavy damage when CDF 5 = 45%; -major damage when CDF 6 = 80%; and -total destruction when CDF 7 = 100%.
The vulnerability curves can therefore be calculated from equation (6), where the integration is replaced by the summation
and the expected rand loss, for the structure experiencing an MMI, is then calculated as
Rand Loss Rand Value of Building . .
3.8 An integral part of any DSRA is the selection of an area-characteristic ground motion prediction equation (GMPE) and the calculation of the expected ground motion at the site as generated by the control earthquake. An MMI GMPE is a relationship that translates the maximum (focal) MMI at the epicentre (I 0 ) into MMI at the site. The most often used MMI GMPE relation has the following general form 0 1 2 3 ln ,
where a 1 ,a 2 ,a 3 are coefficients, r is the chosen epicentral or hypocentral distance in kilometres, I is MMI at the site and I 0 is the maximum (focal) MMI at the epicentre. The numerical values of coefficients a 1 ,a 2 ,a 3 are different for different regions and are usually estimated from MMI distribution maps of the region. The empirical relation between earthquake magnitude m and MMI at the epicentre I 0 , is given by Richter (1958) :
The MMI GMPE for the selected area in this study is (Hattingh, Bejaichund & Ramperthap, 2006) of the form ( ) 0 2,9829 1, 2032ln 0,0010073
where the standard deviation of the above conversion is of the order of three-quarters of an MMI unit.
SELECTION OF GMPE: MMI vs PGA
4.1
The selection of an appropriate GMPE is crucial in any quantification of seismic hazard and therefore risk (e.g. Budnitz et al., 1997; McGuire, 2004) . However, GMPEs expressed in terms of Peak Ground Acceleration (PGA) and/or spectral acceleration for South Africa could not be found in the available literature. At least two reasons exist why GMPEs have not been developed for South Africa. The first is that, because of the low levels of natural seismicity in South Africa, there is not enough information to construct reliable GMPEs. Secondly, South Africa has never had an extensive network of local accelerometers needed to construct local PGA-based GMPEs.
4.2
One of the suggestions was for South Africa to make use of Next Generation Attenuations (NGAs) as prepared by the Pacific Earthquake Engineering Research Group (PEER). This suggestion seems appealing but it should be kept in mind that of the 3551 strong ground motion records used in the construction of the NGAs none of them was observed in Africa (Chiou et al., 2008) .
4.3
This problem was extensively discussed during the Senior Seismic Hazard Analysis Committee (SSHAC) Level 3 Close-out Workshop, held during October 2013 in Pretoria, South Africa. This committee was established to analyse the seismic hazard assessment for Thyspunt, a potential location of a future nuclear power plant in South Africa. During the workshop several alternative approaches to construct a South African characteristic GMPE were presented Rietbrock, unpublished; Rietbrock, Strasser & Edwards, 2013; Scherbaum, unpublished) . Summarising these attempts to construct GMPEs for South Africa led to the conclusion that the best GMPEs for South Africa can be obtained through synthetic modelling and/or adoption of GMPEs from tectonically similar regions. An alternative solution to utilise a comprehensive collection of macroseismic records was proposed by Hattingh, Bejaichund & Ramperthap (op. cit.) and Midzi et al. (2013) . These records date back to 1932 and consist of more than 40 isoseismal maps of the strongest natural and mine-related events. Based on these MMI records, MMI GMPEs characteristic for different South African areas were developed. Most attempts to quantify seismic hazard and risk in South Africa, including this study, make use of the GMPE in terms of MMI.
4.4
Despite the fact that the concept of MMI is at least 80 years old, it is still the subject of extensive research all around the world. The MMI scale and MMI-based GMPEs are the focus of continuous investigations in the USA (Dengler & Dewey, 1998; Bakun, 2000; Dewey, Wald & Dengler, 2000; Kaka & Atkinson, 2004; Bakun 2006) , Canada (Jalpa & Atkinson, 2012) and Central Asia (Bindi et al., 2014) . These equations are built into the ShakeMap code (Atkinson & Kaka, 2006) and they are used, for example, in Chile (Barrientos et al., 2004) , and Japan (Bakun, 2005) , and are considered as a standard in Europe (EMS98, 1998; Bakun & Scotti, 2006) . Allen, Wald & Worden (2012) provide an excellent review of the application of the intensity scale in ShakeMaps in active crustal regions.
4.5
There are several important advantages to using MMI-based GMPEs over the GMPEs based on PGA. One is to account for the local conditions (site effect), which is not an easy task when the GMPEs are expressed in terms of PGA (e.g. Chiou et al., op. cit.) . However, site effect is accounted for by default in regional MMI GMPEs.
4.6
Another advantage that the use of MMI has over PGA can be seen in the application of the ATC-13 (op. cit.) vulnerability curves. These curves are expressed in terms of MMI where PGA has to be expressed through the use of analogue curves, especially when the curves are used in conjunction with GMPEs which are also based on MMI. The use of MMI-based damage curves allows for the calculation of seismic risk without additional conversions of PGA to MMI or vice versa. If such conversions are required in the risk assessment procedure, at least a dozen different conversion equations exist. These include equations by Neumann (1954) , Gutenberg & Richter (1956a, b) , Ambraseys (1974) , Trifunac & Brady (1975) , Murphy & O'Brien (1977) , Lomnitz (1973) , Saragoni, Crempien & Ayala (1982) , Wald et al. (1999) and Silva et al. (2005) . However, similar to the GMPE problem, there is no systematic database of damage due to seismicity for infrastructure in South Africa. The required regioncharacteristic vulnerability curves needed for risk assessment do not exist. There is little likelihood of obtaining the required information to construct such curves in the near future. These conditions also disqualify the conversion equations by Neumann and others mentioned above since the required calibration data for South African conditions do not exist. This necessitated the use of the ATC-13 (op. cit.) damage curves. Alternative vulnerability curves e.g. Risk-UE (Mouroux et al., 2004) were excluded due to significant uncertainties associated with predicted damage (Goran Trendafiloski, 2 personal communication, 2011).
4.7
Our assessments of hazard and risk are based on the application of regional GMPE in terms of MMI. However, for the purpose of verification of our results, we performed several additional calculations in terms of PGA-the maximum acceleration amplitude measured (or expected) of an earthquake. Since there is no single GMPE in terms of PGA characteristic to South Africa we applied five different PGA-based attenuations which were developed for areas with a geological environment similar to a large extent to that of South Africa.
Two GMPEs (Jonathan, 1996; Twesigomwe, 1997) were derived for Africa and GMPEs by Toro, Abrahamson & Schneider (1997) and Atkinson & Boore (2006) are derived for stable continental areas. The NGA GMPEs by Boore & Atkinson (2008) are perhaps the least applicable set of equations to South Africa since not one observed strong motion record on the African continent was taken into consideration during their development. Tables 1  and 2 provide the expected PGA at the Green Point Stadium as generated by earthquakes of magnitude 6,30 and 6,96 located at the Milnerton fault. It is important to note that, in reality, the predicted values of PGA shown in both these tables can be significantly exceeded. The tables show only the median PGA values as estimated for hard rock. If the stadium structure is not situated at the hard rock, the observed values can be significantly larger. All calculations were also performed for a relatively short epicentral distance of approximately 10 kilometres. It is known that, at such short distances, the fluctuations of PGA are significant.
4.8
Despite the large uncertainties associated with PGA assessments the predicted values in Tables 1 and 2 are very conservative. This is because South Africa is situated on a socalled stable continental area which is characterised by the extremely low attenuation of seismic waves. Therefore even weak seismic events can be felt at large distances and cause damage. Two events should serve as a serious warning against the underestimation of the damaging effect which earthquakes can have in this country. The Mozambique magnitude 7,0 earthquake of 22 February 2006 was felt and caused damage in Durban, approximately 1000 km from its epicentre. The recent, and in absolute terms, a weak, local magnitude 5,4 seismic event in Orkney, 150 kilometres south-west of Johannesburg, on 5 August 2014 caused one death and significant damage to infrastructure. This event was felt across most of South Africa, Mozambique and Botswana. An event of magnitude 5,4 is 250 times weaker, in terms of released energy than the worst case scenario of magnitude 7,0 estimated in Cape Town (Section 5).
ASSESSMENT OF THE MAXIMUM REGIONAL EARTHQUAKE MAGNITUDE
5.1
Suppose that in the area of concern, in a specified time 
5.2
The random variable m n , which is the largest observed magnitude (also denoted as 
After integrating by parts, the expected value of M n , E(M n ), is
By replacing the expected value of the largest observed magnitude E(M n ) with the largest magnitude already observed max obs m , equation (14) becomes (Kijko, 2004) 
5.3
Equation (15) is, by its nature, very general and has several interesting properties. For example, it is valid for each PDF, or equivalently ( ) M f m , and does not require the fulfilment of any additional conditions. It may also be used when the exact number of earthquakes (n) is not known. In this case, the number of earthquakes can be replaced by its expected value λT. Such a replacement is based on the standard assumption in seismology that the number of earthquakes occurring in unit time conforms to a Poisson distribution with parameter λ in the time span T. It is also important to note that, since the correction term
is never negative, equation (15) provides a value of max m which is never less than the largest magnitude already observed. 
Integral (17) does not have a simple solution, but an approximate estimator of m max can be obtained through the application of Cramér's approximation. According to Cramér (1961) , for large n the value of
be shown that after replacement of
by its Cramér approximation, the estimator of m max is obtained (Kijko & Sellevoll, 1989; Kijko, 2004) as an iterative solution of the equation (15) 
where σ M denotes standard error in the determination of the largest observed magnitude max obs m .
5.5
A shortcoming of the K-S equation for m max estimation comes from the implicit assumption that the mean seismic activity rate λ and the b-value of the Gutenberg-Richter remain constant in time and that the functional forms of number and magnitude distributions properly describe the observations. Often seismic processes are composed of temporal trends, cycles, oscillations and random fluctuations. When the variation of seismic activity is a random process the Bayesian formalism, in which the model parameters are considered as random variables, provides the most efficient tool in accounting for the uncertainties considered above (e.g. DeGroot, 1970) . The rest of the section presents a K-S equation for the assessment of the maximum regional earthquake magnitude in which the uncertainty of the Gutenberg-Richter parameter b is taken into account.
5.6
On the assumption that the variation of the b-value in the frequency-magnitude Gutenberg-Richter relation may be represented by a Gamma distribution with parameters p and q, the compound (also known as Bayesian) PDF and CDF of earthquake magnitude takes the form (Campbell, 1982 
where C β is a normalising coefficient. Parameters p and q can be expressed in terms of the mean and variance of the β-value, where The above equation (22) is derived by substituting the CDF of earthquake magnitude (21) into the generic equation (15). It thus allows for the uncertainty in β by assuming that it follows a Gamma distribution, as described in ¶4.8. The value of m max as obtained from the iterative solution of equation (21) 
6.
EXAMPLE OF APPLICATION 6.1 Area Investigated 6.1.1 The south-western Cape is considered one of the regions with the highest level of tectonic-origin seismic activity in South Africa. Other seismically active areas include the mining-intensive corridor which extends to the north-western part of the Free State, the south-eastern part of North West province and the south-western section of Gauteng. High levels of seismic hazard are also found in parts of the Free State, Gauteng as well as the eastern parts of the North West province. Low levels of hazard can be seen in the northern part of the KwaZulu-Natal. The level of tectonic activity in the vicinity of the densely populated city of Cape Town, means that the Ceres-Tulbagh area and the Milnerton fault are of prime interest thanks in part to the M L 6.3 magnitude Ceres earthquake on 29 September 1969 and the M L 6,3 magnitude earthquake on 4 December 1809 at the Milnerton Fault. Since the epicentre of the Milnerton earthquake is located very close to the Cape Town central business district (CBD) and the Green Point Stadium (Figure 1) , it was chosen for further seismic hazard and risk assessment.
6.1.2 The Milnerton earthquake on 4 December 1809, with a local magnitude M L 6,3, was one of the largest earthquakes in recorded South African history. Its epicentre is associated with the Milnerton Fault, which is located approximately 10 km from the Cape Town CBD. It is therefore natural to expect that the city of Cape Town might be exposed to potential damage caused by a similar earthquake in future, warranting an investigation into the expected PML.
6.1.3 The Ceres-Tulbagh area is considered one of the regions with the highest level of tectonic-origin seismic activity in South Africa. Tectonic seismic activity is observed in this area with the largest and most destructive recorded earthquake in South African history, the 29 September 1969 event located approximately 100 kilometres from the Cape Town CBD. This event was followed by a long sequence of aftershocks, the most severe of which was on 14 April 1970 with a magnitude M L of 5,7. The worst structural damage resulting from the earthquake occurred in the northern part of the Tulbagh Valley situated close to the epicentre (Keyser, 1974) . Structural impairment also occurred to buildings in the towns of Tulbagh, Wolseley, Ceres and Prince Alfred Hamlet. Damage also occurred in the villages of Saron, Gouda and Hermon, and in the towns of Worcester and Porterville. Slight damage was observed in towns as far away as Stellenbosch. Nine deaths resulted from the earthquake and the damage to buildings in the epicentral area was estimated at US$24 million in 1969. A maximum MMI of VIII was observed during the earthquake in the Tulbagh region. This corresponds to a ground movement of PGA in the range 0,13 to 0,26 g, with median value 0,22 g, (Kijko, Retief & Graham, 2002) .
Seismic Event Catalogue
6.2.1 Seismic events were selected from a catalogue of earthquakes in South Africa that occurred between 1620 and 2013. The data used in this study were compiled from the following three sources: Brandt et al. (2005) , Seismological Bulletins published annually by the Council for Geoscience, Pretoria and catalogues provided by the International Seismological Centre in the United Kingdom.
6.2.2 The seismic event catalogue thus compiled was divided into an incomplete part consisting of historical events and three complete parts, each with a different level of completeness. All the earthquake magnitudes were standardised and expressed in units of local Richter magnitudes M L . The incomplete part of the catalogue spans the period from 1 January 1751 to 31 December 1970, and contains nine of the largest seismic events that occurred during this period. The magnitudes of these events are estimated from macroseismic events which are very uncertain. It was assumed that for all of these events, the standard error in magnitude determination was 0,3. Events prior to 1 January 1751 were not used in the calculations, since they cannot be considered as a reliable source of information for the area. A detailed investigation into the threshold of completeness of the complete sub-catalogues was carried out-see Table 3 . For this study it was also assumed that only earthquakes occurring within a radius of 300 km of the epicentre of the scenario earthquake contribute to the information on the maximum possible earthquake magnitude m max of the area. 
6.3
Building Class Types 6.3.1 Three selected types of buildings as defined in ATC-13 (op. cit.) represent the most typical urban structures found in South Africa and are defined as -unreinforced masonry, with load bearing wall, low rise (Class #3); -reinforced concrete shear wall without moment resisting frame, medium rise (Class #8); and -reinforced concrete shear wall without moment resisting frame, high rise (Class #9).
According to a rough assessment (Davies & Kijko, op. cit.) these types represent more than 70% of all South African urban structures. Figures 2 to 4 are examples of typical buildings of each selected class. Following consultations with two structural engineers, Derek Lee 3 and Professor Jari Puttonen 4 (personal communication, 2014) it was concluded that structures such as the Green Point stadium do not strictly conform to any of the building classes as stipulated in ATC-13 (op. cit.). However the potential damage to Green Point Stadium can be estimated by looking at both the building class descriptions of -reinforced concrete shear wall with moment resisting frame, medium rise (Class #6); and -reinforced concrete shear wall with moment resisting frame, high rise (Class #7).
6.3.3 The Green Point Stadium is one of the most recognisable structures in South Africa and was one of the stadia newly built for the FIFA Football World Cup in 2010. It was designed by GMP Architects in cooperation with Louis Karol, Point Architects and Urban Designers, Cape Town. The article 'Cape Town Stadium: Structural challenges' in Civil Engineering (2010, p.53) , which provided information on the construction of the stadium, indicates that provision for seismic loading was done during construction in accordance to the SANS Standard 10160-4. The SANS Standard 10160-4 specifies that structures in the vicinity of Cape Town (Zone 1, p.11) must sustain PGA of 0,1 g, which corresponds to a return period 475 years or a 10% probability of exceedance within 50 years. It is however not clear to which building class (SANS Standard 10160, Part 4, Section 6, p.19) the Green Point stadium was assigned, nor what the subsequent calculated seismic load was. We therefore assumed in our assessments that during the design and construction of the Green Point Stadium provision was made for 'standard' seismic loading of 0,1 g as given in SANS Standard 10160-4. The PGA of 0,1 g at the designed stadium is compared with the predicted PGAs at the stadium site (Tables 1 and 2 ). It is important to note that all the predicted values of PGA exceed the designed PGA of 0,1 g despite the approximate nature of our seismic hazard and risk assessments. Similar concern regarding the significance of seismic hazard risk in South Africa is expressed by the recent study of Haas and Van der Kolf (2014). 6.3.4 It is advised that a more detailed analysis should be done which would include any additional available information. Such an analysis should be completed by a team of experts from different fields including a structural engineer familiar with the detailed seismic design of the stadium.
6.4
PML Assessment for Cape Town 6.4.1 The assessment of the PML for Cape Town consists of calculating the possible earthquake scenarios similar to the observed Milnerton and Ceres-Tulbagh earthquakes of 1809 and 1969. It is assumed that this PML can be generated by a seismic source situated at the same location as the Milnerton earthquake of 4 December 1809, viz., with the approximate epicentre coordinates 34,0°S, 18,4°E, (Brandt et al., op. cit.) and at the Ceres-Tulbagh earthquake location with the approximate epicentre coordinates of 33,28°S and 19,24°E (Green & Bloch, 1971) . In both cases it was assumed those hypocentres were located at a depth of 10 km.
6.4.2 It is important to note that there is considerable uncertainty as to the precise location of the Ceres-Tulbagh event. The United States Geological Survey established the epicentre of the event at 32,9°S; 19,7°E. To obtain a more precise location, the records associated with this event were collected from the Pretoria, Grahamstown and Windhoek stations which form part of the World Wide Standard Seismograph Network. For our analyses we utilised the suggested epicentres from Green & Bloch (op. cit.) .
6.4.3 The K-S-B procedure in conjunction with the procedure for seismic hazard parameters calculation when data are incomplete and uncertain (Kijko & Sellevoll, 1992) were applied to the input data for both the Milnerton and Ceres-Tulbagh scenarios. The calculated seismic hazard parameters for the two possible earthquake scenarios are provided in Table 4 . The results of the hazard analysis in terms of the mean return periods of different magnitudes are given in Figures 5a and b respectively. The mean return period refers here to the average time period between earthquakes with specific characteristics in terms of magnitude and observed area. Based on the assumed magnitudes, the expected damage and its uncertainty intervals were calculated for the three classes of buildings considered, located in the Cape Town centre (classes #3, 7 and 8) as well as the two possible building classes for Green Point Stadium (classes #6 and 7). The results for the three scenarios are listed in Tables 5 and 6 . Figures 6 to 8 represent the respective vulnerability curves of the expected damage, in terms of MMI, and its associated uncertainty interval for each of the three scenarios as defined in Table 6 . Hypocentral distance 10 km 10 km~100 km Predicted MMI >VIII >IX >VII FIGURE 5A. The mean return periods for earthquakes of magnitude between 3,0 and 6,96 for the area in a circle radius of 300 km of the Milnerton fault
FIGURE 5B. The mean return periods for earthquakes of magnitude between 3,0 and 7,01 units for the area in the circle radius of 300 km with the same epicentre as the 1969 CeresTulbagh earthquake 6.4.5 Next, the estimated rand loss is calculated by multiplying the cost of the specified building at the site with the expected damage. Table 7 provides these expected estimates for Green Point Stadium based on the three scenarios as discussed in ¶6.4.4. 
Potential Impact on Insurance Industry
In an attempt to convert the damage information into actual figures relevant to the insurance industry, let us consider the total value of insured exposures for Cresta Zone 8 (Cape Town), which is estimated to be at least R500 billion. The area covered by the city is 2455 km 2 , meaning that these insured structures could reasonably be between 10 km and 50 km from the epicentre of an earthquake. Based on our assumed range of distances from the epicentre and the outcomes of the scenarios outlined above, an overall damage ratio of at least 2% for an earthquake of magnitude M L 6,3 is plausible. By applying 2% to the total insured value, one obtains an overall loss to the insurance industry from such an earthquake of approximately R10 billion. Due to the very low frequency of natural catastrophes experienced historically in South Africa, the scenarios described are substantially larger events than anything the South African insurance industry has experienced to date. One could speculate that insurance companies would be unprepared to handle a disaster of such magnitude, both in terms of a significant strain on capital reserves as well as the ability to service the resulting claims.
SCENARIO 1 (MILNERTON)
The expected damage and its associated uncertainty for an earthquake of magnitude M L =6,3 at a hypocentral distance of 10 km for the identified building classes FIGURE 6A. Building Class #3: unreinforced masonry with load bearing wall, low rise building FIGURE 6B. Building Class #8: reinforced concrete shear wall without moment resisting frame, medium rise building FIGURE 6C. Building Class #9: reinforced concrete shear wall without moment resisting frame, high rise building The expected damage and its associated uncertainty for an earthquake of magnitude M L =6,96 at a hypocentral distance of 10 km for the identified building classes FIGURE 7A. Building Class #3: unreinforced masonry with load bearing wall, low rise building FIGURE 7B. Building Class #8: reinforced concrete shear wall without moment resisting frame, medium rise building FIGURE 7C. Building Class #9: reinforced concrete shear wall without moment resisting frame, high rise building Vulnerability curve of the expected damage and uncertainty interval for magnitude M L =7,01 at a hypocentral distance of 100 km for the identified building classes FIGURE 8A. Building Class #3: unreinforced masonry with load bearing wall, low rise building FIGURE 8B. Building Class #8: reinforced concrete shear wall without moment resisting frame, medium rise building FIGURE 8C. Building Class #9: reinforced concrete shear wall without moment resisting frame, high rise building FIGURE 8D. Building Class #6: reinforced concrete shear wall with moment resisting frame, medium rise -Green Point Stadium FIGURE 8E. Building Class #7: reinforced concrete shear wall with moment resisting frame, high rise -Green Point Stadium
SUMMARY AND CONCLUSION
7.1
The methodology for assessment of the PML from an earthquake has been formulated. This procedure was applied to estimate the approximate expected PML, resulting from three scenario earthquakes, on the three most typical urban structures located in the CBD of Cape Town as well as the Green Point Stadium. For the first two earthquake scenarios it was assumed that the PMLs were generated by an earthquake with magnitudes M L 6,3 and M L 6,96. It was assumed that the epicentres of these scenario earthquakes were located at the site of the 1809 Milnerton fault event. For the third earthquake scenario it was assumed that the PML was caused by an event of magnitude M L = 7,01, located at the epicentre of the 1969 Ceres-Tulbagh event.
7.2
The assessment of the PML applied to the Cape Town CBD proved to be only an approximation because certain information is not readily available. This includes GMPE (Section 4), site effect and seismic loading applied to the Green Point Stadium and other infrastructure (Section 6). To obtain a more accurate assessment of the expected structural loss due to an earthquake, a more detailed analysis is required and should be carried out by a panel of experts in different fields, including a structural engineer familiar with the detailed seismic design of the stadium and infrastructure in Cape Town.
7.3
Despite the approximate nature of our assessments, it is concluded that the seismic risk attributable to a potentially strong earthquake as generated by the Milnerton fault is significant and that the potential seismic risk faced due to occurrence of an earthquake in the Ceres-Tulbagh area is not negligible. The estimated rand loss associated with the predicted damage indicates that significant monetary losses may be incurred by the insurance industry in all three scenarios. Even though the percentage expected damage seems relatively small, the associated monetary loss for all three scenarios can still be substantially larger than has been experienced by the South African market thus far.
7.4
The deterministic methodology applied here may appear simplistic compared to the more preferable probabilistic procedures. However, despite the approximate nature of the results, the three scenarios investigated are sobering. Further analysis on the return period for these large events and the potential for damage due to smaller events is recommended, as well as investigating the risk to an insurer's portfolio.
7.6
The main purpose of our research is to raise awareness among all stakeholderscivil engineers, the insurance industry and disaster management agencies, for example-that seismic hazard is a justifiable concern in South Africa. In particular, seismic hazard in Cape Town must be taken as a serious potential threat to its citizens and to infrastructure. This research provides only an estimated assessment of the seismic hazard and risk (potential losses) to infrastructure due to a strong seismic event in the Cape Town area. 
